Surface grabs of suspended sediments from boils and the background flow in Squamish Estuary revealed strong differences between the two environments. Boils exhibit higher sediment concentrations and larger particle sizes than the background flow. The higher sediment concentrations and larger grain sizes in boils are related to tidal phase, with maximum concentrations and sediment sizes occurring in the early decelerating phase of the tidal flow. Sediment concentrations and grain sizes in the background flow are comparatively invariant with tidal phase. Boils appear to play an important, if not dominant, role in suspending and transporting sand-sized sediments in Squamish Estuary.
Introduction
Boils and other surface disturbances commonly are observed in rivers and estuaries, but their role in the suspension of bed materials has not been directly studied. Within estuaries, the general character of the flow is strongly influenced by tidal phase. Laboratory investigations (Anwar 1981; Anwar and Atkins 1980) as well as field experiments (Anwar 1983; Bowden and Howe 1963; Gordon 1975) indicate that maximum turbulent stresses (Reynolds stresses) occur during decelerating flows and are lagged relative to the mean column velocities, producing a hysteresis between velocity and turbulent stress and, by inference, between velocity and suspendedsediment concentration. Thorn (1975) was able to measure the hysteresis of sediment concentration in a deep tidal flow.
The Reynolds stresses, as calculated from velocity records, generally exhibit intermittency and "peakiness" (Anwar 198 1 ; Gordon 1975) . Records are dominated by intermittent periods of high-momentum transport that are generally assumed to reflect the small-scale bursting cycle described by Kline et al. (1967) and Kim et al. (1971) . This assumption is particularly appealing in the estuarine environment because the intensity and frequency of bursting increase under adverse pressure gradients (Kline et al. 1967) , as are experienced in decelerating estuarine flows.
There is certainly some question as to whether the large intermittent events observed on the surface of geophysical flows are actually a product of the small-scale bursting cycle. Other mechanisms also produce intermittent and large contributions to momentum transport; specifically, shedding of roller eddies from the lee of sand waves (Lane 1944; Korchokha 1968; Nordin et al. 1972 ). This seems a more suitable mechanism in Squamish estuary where boils are associated with sand-wave fields and, during certain tidal phases, are clearly distinguished from the background flow by their energy and sediment content.
The purpose of this note is to further elucidate the role of boils or surface disturbances, over a tidal cycle, in suspending and transporting bed sediments.
Field site and methods
Field observations were collected in Squamish River estuary, roughly 1 krn upstream of the delta front (Fig. 1) . On the day of sampling (July 14, 1987) , discharge in the Squamish River was 560 m3/s (Squamish River near Brackendale gauge; 08GA022), in excess of the long-term mean July discharge. Average suspended-sediment concentration entering the tidal reach was estimated as 180 mg/L from a rating curve developed by Hickin (1989) . The Squamish is a sand-bed river within the sampling reach. During the freshet, sand waves develop on the bed of the channel whose wavelength and amplitude vary over the tidal cycle (Fig. 2) .
Sediment concentrations, both within boils and in the general background (interboil) flow, were sampled from a moored boat during a falling tide (tidal range 3.3 m; Point Atkinson). Samples were surface grabs consisting of 6-9 L of water and sediment. Paired samples, one within the surface expression of a recently emerged boil and one in the general background, were collected at intervals ranging from 10 to 60 min. It was occasionally necessary to wait several tens of minutes before a boil broke the surface of the river near enough to the boat to be sampled. Velocities 1 m below the water surface were measured by a cable-suspended Model DNC-3 (NBA Controls Ltd.) direct-reading current meter at the time of sediment sampling.
Suspended-sediment samples were filtered in the field, and concentrations calculated from the dry weight of sediment and the total sample volume. Calibre of the suspended sediments was measured in a visual accumulation tube. Percent finer measurements from the accumulation tube were graphed, and the resulting curve was used to estimate the Dlo, DS0, and DgO sizes of the suspended-sediment samples. Because of the large sample volumes, the weight of suspended sediments ranged from 0.2 to 5 g, more than adequate for accurate grain-size analysis.
A limited field program was undertaken on June 28, 1988 (discharge 510 m3/s), to measure the change in sediment concentration in the boils as they evolve and coarser material drops out over time. Boils in the lower estuary were grab sampled from a boat floating with the mean surface current as they broke the surface and every 5 s as they evolved downstream. Pure chance determines whether a boil surfaces in an appropriate location, and as a result, only two sets of samples were collected during the falling tide. velocities, and boil and interboil suspended-sediment concentrations. The boil concentrations clearly vary with the tidal phase, and both the boil and interboil sediment concentrations show a dependence on velocity (Fig. 4) . Hysteresis of the sediment concentrations is weakly apparent for the boil samples and obscured for the background, or interboil, samples. This may be due, in part, to the use of surface rather than mean velocity, variation induced by the grab-sampling technique, or NOTES the difficulty of identifying "true" interboil periods, i.e., those unaffected by dissipating boils.
Field observations
Of more importance is the clear distinction between the concentrations in the boil and interboil environments (Table 1) . Over all the paired samples the boil concentrations averaged eight times greater than the background concentration. The ratio of boil to interboil concentration varied widely for the individual samples: interboil concentrations were affected by the unavoidable sampling of dissipating boils. The observed boil concentrations (Fig. 3) varied with the energy of the roller or boil carrying the sediments and the time between the boil breaking the surface and sampling. Dissipation within the boils also introduces sampling variability. One sequence of samples (Fig. 5) shows the rapid decline in sediment concentration associated with evolution of the boils after they break the water surface. Results of the dissipation measurements are also variable. Continued upwelling, after the boil breaks the surface, often briefly increases sediment concentrations. Small boils, expanding within the dissipating main feature, also affect the results.
Sediment sizes are less affected by factors such as varying boil strengths than the sediment concentrations. The calibre of sediment in the boils is tidal-phase dependent: hysteresis clearly is apparent for the boils but not apparent in the interboil environment (Fig. 6) . Coarse sediment in the interboil samples is derived, in part, from dissipation of upstream boils. The observed sediment sizes appear to vary in response to upstream boil activity. The boil and interboil paired samples are clearly distinguished on the basis of grain size (Table 1) . The largest discrepancies occur during the decelerating flow when the ratio of boil to interboil DS0 averages nearly two.
Discussion
Despite the limitations imposed by sampling techniques and the general variability of the estuarine environment, it is apparent that boils play an important, if not dominant, role in suspending and transporting sand-sized bed sediments in Squamish River estuary. Certainly, the boils seem responsible for carrying the coarsest bed sediments to the water surface and distributing them throughout the water column. The intensity of the boil activity, measured as either concentration or calibre relative to the background flow, is strongly dependent on tidal phase. The background sediment concentration is comparatively invariant and much less affected by the measured velocities or tidal phase.
The role of the boils in increasing total suspended transport past a section depends on the spatial density of boils and their size and relative sediment concentration. The first factor varies with tidal phase and discharge but can be simply resolved. The second factor is more difficult to specify and ultimately may involve measurement of correlations of vertical velocities with an array of suitable current meters.
Finally, these observations of spatial inhomogeneities in
